Abstract. The present study used a virtual touch tissue imaging and quantification (VTIQ) method to investigate the change in elasticity in xenograft tumor tissue models following silencing of the neuroepithelial-transforming protein 1 (NET-1) gene by ultrasound-targeted microbubble destruction (UTMD). A total of 24 xenograft models were established by subcutaneous injection of human hepatocellular carcinoma SMMC-7721 cells in BALB/c female nude mice. Then, NET-1 small interfering RNA (siRNA)-conjugated nanobubbles and a glypican-3 antibody were synthesized. The mean and maximum shear wave speed (SWS mean and SWS max ) in the tumor tissue were measured prior to, during, and following therapy using VTIQ. The growth of the tumor size and survival time were recorded. The levels of NET-1 protein were evaluated by immunohistochemical staining. In addition, tumor, liver and kidney tissues of the nude mice were collected to confirm whether gene transfection treatment was toxic in vivo. In the UTMD delivery gene group, SWS mean was correlated with the maximum diameter of the tumor (r=0.9806, P=0.0194). The immunohistochemical staining data indicated that the level of NET-1 protein in the treated groups was significantly decreased compared with those in the control groups. Additionally, no structural damage was observed in the nude mice liver and kidney tissues following treatment. Therefore, VTIQ measurement identified potential changes in the elastic properties of the tumors, which in turn may be associated with the stages of tumor development. The delivery method, UTMD, improves the antitumor effects of NET-1 siRNA and supports gene transfection as a promising therapeutic strategy.
Introduction
A variety of elastography techniques have been developed to visualize and quantify the mechanical properties of biological tissues, including thyroid, breast and liver tissues (1, 2) . In previous years, virtual touch tissue imaging and quantification (VTIQ), a novel two-dimensional shear wave speed (SWS) measurement technique, has been introduced into clinical practice, which not only provides qualitative but also quantitative measurements of the tissue stiffness (3) (4) (5) . VTIQ is based on the acoustic radiation force imaging method, which transmits ultrasonic pulses in the targeted tissue, resulting in a tissue displacement of 1-20 µm, thereby attenuating the tissues to establish elasticity (6) . Elasticity is a biological and mechanical property, which represents the stiffness of the tumor tissue (7) . This characteristic may be associated with the physiological or pathological processes of the tissue structure (8) . Therefore, the evaluation of elasticity in tumor-bearing mice may be a tool to monitor the development of hepatocellular carcinoma (HCC) and putatively detect the physiological and pathological variation in the tissues during liver carcinogenesis.
HCC, a major type of primary liver cancer, is one of the most prevalent human malignancies globally (9) . In a number of cases, the disease may remain undiagnosed until patients reach terminal-stage disease, and are therefore not eligible for curative surgical resection (10) . In addition, HCC has a high recurrence rate, frequent metastasis events and several postoperative complications post-surgery (11) . Therefore, identification of novel biomarkers for its early diagnosis and specific targets for therapy is essential. At present, liver carcinogenesis is considered to be stimulated by the accumulation of various genetic and epigenetic alterations (12) . Compared with conventional treatment methods, including chemotherapy and surgery, gene therapy may kill tumor cells accurately and efficiently with fewer side effects (13, 14) .
RNA interference (RNAi) is an effective tool for inhibiting gene expression. It may silence the expression of targeted genes by binding to specific mRNA and triggering their degradation (15) . This selective knockdown of specific gene sequences supports RNAi as a promising therapeutic strategy. Neuroepithelial cell-transforming gene 1 (NET-1) protein is characterized by the presence of 4 hydrophobic domains and belongs to the tetraspanin superfamily (TM4SF) (16) . It has been demonstrated that the NET-1 gene is involved in the division, proliferation and carcinogenesis of HCC cells (17) (18) (19) . The level of NET-1 expression exhibits a significant association with HCC pathological grading and clinical stages (20, 21) . Therefore, the present study selected the NET-1 gene sequence as a rational target for HCC therapy (22, 23) . Glypican-3 (GPC3) is one of the glypican families of heparin sulfate proteoglycans, and is highly expressed on the surface of HCC cells but not in normal tissue (24, 25) . Therefore, GPC3 may be a promising biomarker for initial diagnosis, immunological therapy and assessing the risk of HCC recurrence (26) (27) (28) . Furthermore, compared with Lipofectamine ® 2000 (Lipo2000), ultrasound-targeted microbubble destruction (UTMD) may enhance gene permeability and retention effect (29) . It is reported that the nanobubbles with 30-200 nm in hydrodynamic diameter accumulate with high efficiency in many solid tumors by EPR effect (30) . At present, several studies have utilized a nanobubbles-mediated targeted RNAi delivery system as a novel therapeutic method for the treatment of HCC (31) (32) (33) . The UTMD delivery method has a number of advantages, including low cytotoxicity, low immunogenicity and dual role of ultrasound imaging and ultrasound-mediated therapy (34) .
In the present study, we hypothesized that the UTMD delivery system may increase the efficacy of gene transfection, and VTIQ was used to measure the changes in elasticity in the tumor tissues that received NET-1 small interfering (si)RNA treatment.
Materials and methods
Xenograft model. All animal experiments were approved by the Institutional Animal Care and Use Committee of Harbin Medical University Cancer Hospital (Harbin, China). Surgical procedures were performed under isoflurane anesthesia inhalation (1-2% in 100% oxygen; RWD Life Science Co., Ltd. Shenzhen, China).
A total of 30 female BALB/c nude mice with a mean weight of 19.3 g, 5-6-weeks-old, purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China), were housed in individually ventilated cages with sawdust on a 12-h day/night cycle under specific pathogen-free conditions and room temperature for 1 week prior to experiments. During the experiment, the nude mice were allowed ad libitum access to food and water. SMMC-7721 cells (2x10 6 ), were gifted from the Institute of Cancer Research affiliated to Harbin Medical University (Harbin, China), were suspended in 100 µl PBS and injected subcutaneously into the lower back of the mice. The maximum diameter of the tumor was representative of tumor growth and was measured twice/week using Vernier calipers. The experimental procedures were conducted in the xenograft models when the tumor diameters reached >5 mm. However, the tumor only reached the pre-determined experimental size in 24 mice. When the maximum diameter of the tumor reached ~20 mm, or at 60 days following the first injection, the animals were sacrificed following the institutional ethical guidelines.
Preparation and characterization of NET-1 small interfering RNA (siRNA)-conjugated targeted nanobubbles. The NET-1 siRNA was conjugated with biotin; the compound was synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The BLAST analysis (http://www.ncbi.nlm.nih.gov/blast/) ensured that the siRNA specifically binds the targeted gene (accessed 6 September 2017). According to the manufacturer's recommendations, the NET-1 siRNA was covalently labeled with Cy3 using the Label IT kit (Mirus Bio, LLC Madison, WI, USA). The sequences of NET-1 siRNA and negative control are described in Table I .
Based on our previous study (35), 1,2-Distearoyl-sn-glycero-3-phosphocholine, 1,2-Distearoyl-sn-glycero-3-phospho ethanolamine (DSPE) and DSPE-PEG2000-biotin were utilized at a 9:0.5:0.5 molar ratio to formulate the lipid nanobubbles. Firstly, the mixture was solubilized in 99.7% chloroform, which was subsequently evaporated for 5 min by vacuum rotary evaporation at 1,000 x g at 37˚C. This resulted in the formation of a lipid film that was resolubilized in 5 ml PBS for 3 min at 40˚C. Next, the air was exhausted from the sealed vials using a syringe, and 99.90% perfluoropropane (Research Institute of Physical and Chemical Engineering of Nuclear Industry, Tianjin, China) was added. Then, the mixture was mechanically vibrated for 45 sec in a dental amalgamator with 50 Hz at 37˚C (Hubei YJT Technology Co., Ltd., Shanghai, China), and the resulting solution was sonicated with a 20 kHz probe (Sonics & Materials, Inc., Newtown, CT, USA). Finally, the nanoparticles were washed with sterile PBS and centrifuged at 800 x g for 5 min at 37˚C. The biotinylated GPC3 (ab218874; 1:1,000; Abcam, Cambridge, MA, USA) antibody, NET-1 siRNA and nanobubbles were gently agitated in PBS, and the mixture was incubated at 4˚C overnight to form the NET-1 siRNA-TNBs (targeted nanobubbles) complexes.
The particle size was measured using a Zetasizer Nano ZS90 analyzer (Malvern Instruments Ltd., Malvern, UK). The NET-1 siRNA conjugated with TNBs was detected by confocal laser scanning microscopy (x200, magnification) (Olympus Corporation, Tokyo, Japan). Table II, 24 VTIQ measurements. Ultrasound scanning was performed 4 times (days 0, 7, 14 and 21). VTIQ was performed by a radiologist (Harbin Medical University Cancer Hospital, Harbin, China) with >2 years of experience performing ultrasound scanning elastography with Siemens Acuson S3000 Device (Siemens Medical Solutions, Mountain View, CA, USA), which was equipped with a 9L4 linear array transducer (frequency range, 4-9 MHz). Nude mice were anesthetized and positioned on the bed. Subsequently, the transducer was placed perpendicular to the target tumor. The operator held the transducer as lightly as possible, in order to minimize the pre-compression distortion. As demonstrated in Fig. 2 , the measurement of SWS on each tumor was repeated 7 times. The 7 SW regions of interest (SW-ROI) were placed arbitrarily on the lesions with homogeneous SW distribution. In the case of lesions with heterogeneous SW distribution, 2 SW-ROIs were placed on the highest and lowest stiffness areas, respectively, corresponding to the SW distribution on the SW-velocity map, and the other 5 SW-ROIs were placed in the remaining areas at random. Although large tumors are easy to manipulate, visualize and analyze, they often form a necrotic core (36) . Cystic, calcified and necrotic areas corresponding with low or marginal quality on SW-quality map were avoided while placing the SW-ROI on the SW-velocity map, as these factors may affect the measurements (37) . Using SW-ROI, the SWS may be quantitatively measured in m/s. The scale of SWS ranged from 0.5-10 m/s and was not adjusted during the entire process. As a result, 7 values were obtained to compute the value of SWS max and SWS mean for the subsequent comparisons between groups.
Gene transfection. As summarized in
Histological analysis and toxicity test. When nude mice were sacrificed, all tumors were rapidly harvested, fixed in 10% formalin at room temperature for 24 h and embedded in paraffin using a Leica EG 1160 embedder (Leica Microsystems GmbH, Wetzlar, Germany). Tumor tissues were cut into 4-µm thick slices using a Leica CM1850 cryostat (Leica Microsystems GmbH). Tissue sections were dewaxed in xylene and re-hydrated through graded alcohol concentrations using standard procedures (anhydrous ethanol; 95, 90, 85 and 80%; 10 min for each step) at 37˚C. After washing in PBS (thrice for 5 min), peroxidase was blocked by incubation in 3% H 2 O 2 (Beyotime Institute of Biotechnology, Haimen, China) for 10 min at room temperature. The slides were washed twice in PBS and incubated for 24 h with rabbit anti-human NET-1 polyclonal antibody (ab113202; 1:1,000; Abcam, Shanghai, China) diluted in 0.01M PBS containing 0.3% Triton X-100 and 0.5% bovine serum albumin (BSA; Boster Biological Technology, Pleasanton, CA, USA). Following incubation, sections were washed with PBS (thrice for 5 min) and subsequently incubated with goat anti-rabbit monoclonal secondary antibody (ab79006; 1:100; Abcam) at 37˚C for 30 min. Finally, tissue slides were stained with 3,3'-diaminobenzidine (Shanghai Mingrui Biological Technology Co., Ltd., Shanghai, China) at room temperature for 5 min and counterstained with hematoxylin (Beyotime Institute of Biotechnology) at room temperature for 10 min. All incubations were performed at room temperature (8) .
For the toxicity assessment of NET-1 siRNA-conjugated TNBs, standard Harris hematoxylin (5 mg/ml) and eosin (10 mg/ml) (H&E) staining was performed on the liver and kidney samples (38) . The liver and kidney tissues were immersed in 10% formalin for 24 h. Then the slides were placed in processing cassettes, dehydrated through a serial alcohol gradient (50, 70, 80, 85, 90 and 95% anhydrous ethanol twice; 10 min for each step) at 37˚C, and embedded in paraffin wax blocks. 5-µm thick live and kidney tissue sections were dewaxed in xylene, rehydrated through decreasing concentrations of ethanol (anhydrous ethanol; 95, 90, 85 and 80%; 10 min for each step) at 37˚C, and washed in dilled water. The slides were then stained in hematoxylin solution for 1 min at 37˚C. Excessive chromatin, which was bound to the tissues, was removed from tissues with 1% hydrochloric alcohol solution for 5 sec at room temperature. The slides were washed in dilled water for 1 min and stained with eosin for 30 sec at 37˚C. Finally, the slides were dehydrated in alcohol (80, 85, 90 and 95% anhydrous ethanol; 3 min for each step) at 37˚C and mounted with Eukitt quick-hardening mounting medium (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). An experienced pathologist belonged to the department of pathology, Harbin Medical University Cancer Hospital, evaluated hepatic 
Results

Characterization of the TNBs-blank and siRNA-conjugated
TNBs. The combination between NET-1 siRNA and TNBs was established using light microscope and confocal laser scanning microscope, as demonstrated in Fig. 3 . The nanobubble surfaces appeared red under confocal laser scanning microscopy, indicating that the cy3-labeled NET-1 siRNA was packaged on the TNB surfaces. The concentration of nanobubbles was 3x10 8 /ml. The average diameter of the particle was 593±30.9 nm, which is able to pass the capillary wall and reach the tumor tissue (40) .
Elastic properties of tumor. Firstly, prior to treatment, no significant difference was observed in the SWS max or SWS mean (day 0) among the four groups (P>0.05). Also, no significant difference was noted in the 4 SWS measurements, including SWS max and SWS mean , between the blank and negative control groups (P>0.05). Next, the two-way ANOVA indicated that the duration and types of treatment significantly affected the SWS values. The effect of NET-1 siRNA on tumor elasticity was evaluated by VTIQ measurement. As demonstrated in Fig. 4 , SWS mean (days 7, 14 and 21) in the TNBs-siRNA group was significantly different compared with the blank group (P<0.001). The difference was also observed in SWS max at days 14 and 21. In addition, SWS mean (days 14 and 21) in the TNBs-siRNA group was statistically different from the Lipo2000 group (P<0.05 and P<0.01). However, no significant difference was observed in the 4 SWS max measurements between groups C and D (P>0.05). The last VTIQ value (day 21) for the SWS mean in groups A, B, C and D was 3.64±0.24, 3.88±0.30, 3.22±0.11 and 2.81±0.20 m/s, respectively (Table III) .
Pearson's correlation analysis established a significantly positive correlation (r=0.9806, P=0.0194) between the maximum diameter of tumor and SWS mean for group D. However, SWS max was not significant (r=0.8825, P=0.1175).
Antitumor effect. As observed in Fig. 5 , the survival times and tumor growth of every group were evaluated. In the two treated groups delivering NET-1 siRNA with TNBs or Lipo2000, the survival rates were increased compared with the control groups. The median survival rates of groups A, B, C and D were 28, 35, 56 and 60 days, respectively. Although all the tumors, with or without treatment, increased in size, the tumor growth rate in group D was significantly decreased compared with that in the other groups. Silencing the NET-1 gene inhibited the tumor growth, thereby increasing the rate of survival.
Expression of NET-1 in tumor tissue and hepatic and renal toxicity. Immunohistochemical staining indicated that the level of NET-1 expression in the treated groups (C and D) was downregulated compared with the blank controls by quantified analysis. In addition, the level of NET-1 protein in the TNBs-siRNA group was significantly different from that of the Lipo2000 group (P<0.05). No difference was observed between the blank and negative controls (Fig. 6) .
Using microscopy, tumor metastasis was identified in liver samples from groups A and B, which was not observed in groups C and D. No marked pathological changes were observed in kidney samples from either of the groups (Fig. 7) . 
Discussion
In the present study, the antitumor effect of gene transfection was initially evaluated using VTIQ. As a clinical diagnostic tool, VTIQ assesses the stiffness of the tissue, which aids in clinical differentiation between benign and malignant nodules (41) . Previous studies have demonstrated the changes in the value of tumor stiffness during disease progression (42, 43) . Quantitative elastography techniques, including virtual touch tissue quantification and VTIQ, provide valuable information for assessing the stiffness of the tumor tissue (44) . In the present study, the VTIQ was measured once/week, based on the treatment frequency and data obtained from a previous study (45) . SWS mean and SWS max values from the four groups were compared at each time point. A two-way ANOVA investigated the effect of treatment and time on SWS measurement. It was identified that VTIQ was able to track the alterations in elastic modules in response to gene therapy. SWS and stiffness in tumor tissue increased gradually with the development of the tumor. This result was consistent with that of a previous study (46) . A significant difference was observed in SWS between the control and treated groups, suggesting that the rate of hardening of the tumor was decreased by gene treatment. In addition, SWS mean in the Lipo2000 group was significantly different from that in the TNBs-siRNA group; this demonstrated the improved effect of UTMD-mediated gene transfection compared with that of Lipo2000. The SWS mean values were markedly correlated with the tumor growth curve induced by NET-1 siRNA. However, it was also noted that comparison of the SWS max values between the two treated groups did not indicate a significant difference, which may be attributed to the location of the 7 ROIs that avoided the cystic, calcified and necrotic areas, thereby affecting the result (36, 47) . Furthermore, SWS mean achieved the highest diagnostic performance compared with the other measured values.
As a new member of the TM4SF family, the NET-1 gene was identified to be overexpressed in certain tumors, including HCC, gastric cancer, colorectal adenocarcinoma and skin squamous cell carcinoma (21, 48) . The present study used siRNA to inhibit NET-1 gene expression in a SMMC-7721 xenograft model; each group was treated four times. Subsequently, the level of NET-1 protein in the two treated groups was decreased compared with that in the control groups. The tumor growth curve demonstrated that in the NET-1 siRNA group, the maximum tumor diameter was observed post-treatment; it was significantly decreased compared with that without treatment, additionally illustrating that the overexpression of NET-1 in HCC was involved in cancer cell proliferation (35) . NET-1 siRNA-conjugated TNBs, with an average size of 593 nm, were produced using a membrane hydration combined with mechanical oscillation method. Due to the binding of NET-1 siRNA to TNBs, a statistically significant difference in the level of NET-1 protein was observed between the Lipo2000 and TNBs-siRNA groups. In addition, the tumor growth curve demonstrated a maximum diameter of tumor in the TNBs-siRNA group that was significantly decreased compared with that of the Lipo2000 group. However, the difference in the survival time between the two treated groups was small and did not reach statistical significance. These results may be ascribed to the short observation time (60 days). Therefore, additional studies should investigate the delivery system of the nanobubbles at different exposure conditions and concentrations of siRNA, in order to maximize the gene transfection efficiency for tumor therapy in vivo.
Furthermore, one of the major concerns associated the use of these enhancers in clinical studies is the safety of the therapeutic system (38) . Non-viral vectors are being increasingly used for gene therapy instead of viral vectors, owing to the concerns about the potential induction of immune responses against viral proteins, endogenous virus recombination and oncogenic effects (49) . However, the conventional delivery methods of the non-viral vectors including liposomes and polymeric systems are less than satisfactory, due to the lack of tissue specificity and potential toxicity (50) . In the present study, it was identified that the UTMD delivery method exhibited potential in improving gene transfection efficiency. The toxicity of the nanobubbles and the ultrasound radiation have also raised crucial safety issues in clinical studies (38) . Therefore, liver and kidney samples were collected from each group of nude mice, and H&E staining was performed to evaluate the safety of the treatment. In the control groups, malignant pathology was identified in liver samples but not kidney samples, which was uncommon in a previous study (38) . This observation may be associated with the highly aggressive and hepatogenic properties of the SMMC-7721 cell line (51) . Also, no marked pathological changes were observed in the kidney samples of the TNBs-siRNA group, which was in agreement with a previous study (38) .
Nevertheless, the present study had certain limitations. Firstly, the histological development and tumor elasticity Table III . The result of SWS measurement of the four groups. SWS mean and SWS max in four groups were expressed as mean ± SD (m/s) and measured by virtual touch tissue imaging and quantification on days 0, 7, 14 and 21.
Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD n 0 during tumor progression was not compared. Therefore, an association between SWS and pathological processes of the tumors was not able to be established. However, this was not the aim of the present study, as previous studies have demonstrated that the difference in the stiffness is associated with tissue reorganization, particularly fibrosis and necrosis (2, 47, 52) . Secondly, the results of these experiments are not directly applicable to human liver cancer tissues: The present tumor model was implanted under the skin of the nude mice. Although central necrosis is not commonly identified in small human liver cancer, it was observed in the present model as the blood supply to the skin tissue may be decreased compared with that in human liver tissue (53) . In summary, the NET-1 siRNA-TNBs synthesized in the present study were effective in vivo, including the nanoscale size, low toxicity and high transfection efficiency in the tumor. The present study not only described an effective gene vehicle, but also identified a novel elastography technique for investigation of the stiffness of HCC tissues.
